A product code forward error correction (FEC) scheme for progressively compressed 3D model transmission over WCDMA networks is proposed. Unequal error protection (UEP) Reed Solomon (RS) coding is used to protect against packet losses at the application layer, while convolutional coding is used to protect against bit errors at the link layer. Bit allocation is done in a joint source-channel coding (JSCC) framework to determine optimal source and channel rates that minimize end-to-end distortion. Simulation results demonstrate the effectiveness of our proposed scheme.
Introduction
Modern mobile wireless networks are designed to provide high data rate services, in addition to traditional voice communication. This has made the efficient transmission of multimedia data over mobile networks feasible. 3D models are increasingly being used in many visualisation-based applications like video gaming, tele-medicine, virtual walkthroughs, e.t.c. In these applications, 3D models are typically represented as triangular meshes. Due to the large size of these models, they are compressed in order to be efficiently transmitted across networks. Progressive compression schemes [1] , which produce a scalable bitstream are typically employed in the transmission of 3D models. However, compressed bitstreams are very sensitive to channel errors with the attendant degrading effects on model quality at the decoder Recently, several schemes for the robust transmission of progressively compressed 3D meshes have been proposed. The method proposed in [2] limits error propagation by using a scheme based on mesh segmentation and data partitioning. In [3] , the 3D mesh is also segmented and error-concealment is employed at the decoder. AlRegib et al on the other hand in [4] proposed the use of forward error correction (FEC) codes to protect the compressed bitstream.
Though several methods exist to provide error control, in our work, we focus on applications with strict delay constraints. For such applications, FEC has proved to be a highly effective error control strategy, and we thus consider a FEC-based system in this paper.
The scheme in [4] is designed for packet-loss networks where packets are lost due to congestion and buffer overflow, etc. However, bit errors exist in wireless networks in addition to packet-losses. For wireless networks, product channel codes have proved to be effective for the transmission of multimedia data [5, 6] . A product code is a two-dimensional code constructed by encoding a rectangular array of information bits with one code along rows and with another code along columns. The row code is usually an "inner code" used in protecting against bit errors, while the column code is an "outer code" used to protect against channel erasures (packet losses). With this framework, residual bit errors after decoding row codes are mapped into packet erasures, which are then recovered with the erasure-correcting column codes.
In this work, we propose a product code framework for the transmission of progressively compressed 3D models over WCDMA networks. At the application layer, an inter-packet erasure-correcting code is applied to protect against packet losses. In the link layer, redundant bits are added within a packet to protect against bit errors. The scheme proposed in this paper uses the Compressed Progressive Mesh (CPM) algorithm [7] to compress 3D models.
The paper is organized as follows. An overview of source coding using CPM is given in Section 2. Section 3 introduces our product code framework. The proposed bit allocation algorithm is described in Section 4. Simulation set up and results are presented in Section 5. Finally, conclusions are drawn in Section 6.
Source Coding
The CPM algorithm produces a layered bitstream which can be decoded on arrival at the decoder, thus providing a continuously improving approximation to an original 3D model. At the encoder, a series of edge-collapse operations are performed, producing a bitstream comprising a base mesh and M enhancement layers or batches (Figure 1 ). At the decoder, inverse vertex-split operations are carried out: each successfully decoded batch or layer produces a different level of detail that further approximates the original mesh. The base mesh is usually compressed using a single-level compression technique. In this paper, we compress the base mesh using the TG-algorithm [8] . 
Product Code FEC

Packetization
Similar to AlRegib's scheme in [4] , in our packetization strategy, each layer of the CPM bitstream is packetised into a block of packets (BOP). Reed Solomon (RS) coding is applied at the application layer to provide inter-packet protection. Since coarser layers are more important than finer layers, unequal error protection (UEP) is applied across the packets of each layer. With this arrangement, if an (n,kj) RS code is applied to a BOP, and if the number of lost packets is not more than (n-kj), then all lost packets will be recovered at the decoder.
Transmission of packets is along the rows of each BOP. However, unlike in [4] , parity bits are added in the link layer to protect against bit errors inherent in wireless channels. Error detection is facilitated by the use of CRC bits appended to each packet. The resulting product code array is schematically shown in Figure 2 . 
End-to-End Distortion
Due to the progressive nature of the CPM encoded bitstream, the decoding of finer layers is dependent on the correct decoding of coarser layers. Hence, the decoding operation at the CPM decoder terminates whenever lost packets in a layer cannot be recovered. Following the same notation as in [4] , the expected distortion at the received model is thus the sum of the products PjEj, where j is the level index, Ej is the distortion that would result when decoding stops at level-j, and Pj is the probability of having an irrecoverable packet loss at level-j. Ej is computed from the operational rate-distortion (R-D) curves of a model and can be measured in terms of the Haursdoff distance between the original model and level-j. Pj is a conditional probability, which is equal to the products of the probabilities of correctly decoding all data before this level, but not being able to decode level-j. Since RS codes are used to protect layers, Pj can also be defined as the sum of the probabilities of losing more than (n-kj) packets where level-j is protected using an (n,kj) RS code, and is given by :
is the channel packet loss profile, i.e. in the case of a BOP, it is the probability of losing m out of n transmitted packets.
In [4] , it is shown that the expected model distortion at the decoder for the case of transmitting L levels out of an encoded M-level CPM bitstream is given as: 
where Pj and Ej are as earlier defined, L is the total number of transmitted levels (limited to 0 < L ≤ M) and M is the number of encoded levels, including the base mesh.
Bit Allocation
Problem Formulation
Equation 2 gives the end-to-end distortion for the case of transmitting L levels out of the encoded M levels of a progressively compressed bitstream. Our intention is to find the optimal product code that will minimize this distortion. To solve this optimisation problem, we note that we can reduce the bit rate of the CPM encoder by reducing the number of triangles transmitted in the mesh. Thus, parity symbols can be accommodated by transmitting fewer layers of a mesh. Hence, given a bit budget B, the rate allocation problem reduces to finding the optimal distribution of source bits (S), column channel bits (C) and row channel bits (R) that minimize distortion. This rate allocation will be upper bounded by the given bit budget. Note also that the parameters in Equations 1 and 2 must satisfy another condition, which is that RS parity bits to be distributed amongst the M layers would be upper-bounded by C, the maximum number of available RS bits. Combining 
Solution Algorithm
Due to the limited number of row codes that is usually available at the link layer, it is feasible to solve the Equation 3 using an iterative process. We modify the algorithm described in [4] to solve the optimisation problem. Our algorithm first proceeds by computing the maximum number of parity bits available for row and channel coding -R and C bits -from the given bit budget. Thereafter, as in [4] Step 4. Otherwise, go back to Step 2 and pick Tx+1. 4. Run a full search algorithm for CL = [C (0) , C (1) ,…, C (L-1) ]. 5. Save the CL vector that minimizes the distortion. 6. Go back to Step 2 and select the next Tx, until x = M. 7. Repeat Steps 1 -6 for all row codes. The optimal product code is the (r, CL ) combination that minimizes the distortion.
Experimental Results
In our simulations, we applied the proposed product code scheme on the small bunny model with 5960 vertices and 9580 triangles. The model was compressed progressively into a base mesh and 8 batches using the CPM algorithm. Transmission over a down link WCDMA channel was experimentally evaluated using the UMTS simulator described in [9] . The tests were carried out over a Pedestrian B channel environment with mobile speed set at 3 km/h. Link layer codes used are rate ½ and 1/3 convolutonal codes. Our simulations were for conversational real-time services. Thus, the delay caused by link layer channel coding is small enough for our application. The packet loss probabilities used in the bit allocation algorithm were experimentally determined. To capture the effect of the bursty nature of the channel on the received model quality, each experiment was repeated 200 times to average the effect of bursty channel errors on the model quality.
In the experiments, we compare the performance of our proposed product code scheme (PCS) with that of two linklayer channel code schemes, making use of ½ and 1/3 rate convolutional codes in the link layer and equal error protection RS coding in the application layer (LLS1 and LLS2). In this paper, the Hausdorff distance is used as an objective quality metric to measure the difference between densely sampled points on the transmitted and decoded models. Note that the total number of bits transmitted in all cases is kept the same for a fair comparison. Also, in all cases, the base mesh is always assumed to be received via a special protocol.
The performances of the three schemes in terms of the distortion vs channel condition are shown in Figure 3 . Each point on the graphs corresponds to the average distortion taken over 200 simulations. As can be seen, PCS outperforms LLS1 and LLS2 in all channel conditions. In particular in poor channel conditions, PCS outperforms LLS1 and LLS2. This is because residual bit error is high for such poor channels, leading to the corruption of most of the coarser batches. In these situations, only PCS is capable of recovering from these errors due to the additional RS protection. As channel conditions improve, residual bit errors decrease and the performance of LLS1 and LLS2 also improves. Furthermore, the quality of the decoded 3D model degrades more gracefully than the link layer schemes as the channel condition worsens.
Subjective results depicting the decoded model quality at various channel conditions for the PCS and LLS1 methods are also shown in Figure 4 . It is evident from this figure that PCS maintains a better model quality as channel condition worsens.
Conclusion
A product code FEC scheme is proposed for 3D model transmission over WCDMA networks. The product code consists of (UEP) RS coding at the application layer and convolutional coding in the link layer. Optimal bit allocation is performed in a JSCC framework in which the bit budget is maintained by reducing the number of triangles transmitted. Though some delay is introduced while solving the bit allocation problem of Equation 3, experimental results show significant performance improvement when using the product-code scheme, which compensates for this. Besides, the bit allocation processing can also be performed off-line, thus eliminating this delay. 
